Researchers have been developing online tutors for various disciplines, including Computer Science. Educators are increasingly using online tutors to supplement their courses. Are online tutors effective? Can they help students learn? If so, what features contribute to their effectiveness? We will examine these questions in the context of an online tutor that we developed for introductory Computer Science. The tutor is designed to help students learn expression evaluation in C++/Java. We evaluated the tutor over several years, in multiple sections of Computer Science I each year. We used controlled tests with differential treatments, and used pre and post-tests to evaluate the effectiveness of the tutor. Our results show that online tutors indeed help students learn. Students who use the tutor for practice learn better than those who use a printed workbook. Students who receive both graphic visualization and text explanation learn better than those who receive only graphic visualization. Students who use graphic visualization learn better than those who receive no explanation. These results will be of interest to both developers and users of online tutors.
INTRODUCTION
The prevalent view of science education is constructivism, which maintains that information cannot simply be transferred from the teacher to the student. Instead the student must construct his or her own meaning [4] . The most productive way to help a student construct his/her own meaning is through scaffolding, where the teacher guides the student during problem-solving [23] . Online tutors are an attractive option for providing such one-on-one guidance.
Therefore, researchers have been developing online tutors for various disciplines, including Computer Science. Examples of tutors developed for Computer Science include JFLAP [21] for Automata Theory, Gateway Labs for discrete mathematics [3] , and PILOT [6] for graph algorithms. These tutors engage the user in problem-solving activities, which are known to promote learning. Online tutors for introductory Computer Science courses include:
• Tutors wherein students fill out missing statements in a programming problem, and the tutor points out syntax errors and selected semantic and run-time errors. Examples include WebToTeach [2] (now TuringsCraft), InStep [20] and [24] .
•
Tutors that preprocess/annotate the student's program so that when the program is executed, either the state of the program is clarified or errors in the program are highlighted. Examples include CMeRun [10] and Expresso [12] .
Tutors that provide detailed feedback about the evaluation/execution of programs, so that they can be used as supplements to classroom instruction [7] . In this category, we have developed several tutors on introductory programming concepts (e.g., expressions [15] , loops [9] ), advanced concepts (e.g., pointers [16, 17] , classes [13] ) and programming language design (e.g., scope [11, 18] , parameter passing mechanisms [22] ). Are such online tutors effective? Do they help students learn? What features contribute to the effectiveness of tutors for Computer Science? To date, one study has shown that students who used the tutor spent less time asking teaching assistants for additional help [20] . Intelligent Tutoring Systems researchers have documented an improvement of one standard deviation through the use of problem-solving tutors in algebra, geometry and LISP [1] . We investigated these questions in the context of a tutor that we developed for expression evaluation in C++/Java.
We chose a tutor on expression evaluation for this study for two reasons: 1) All introductory Computer Science students must learn expression evaluation. Therefore, the sample sizes for experiments would be large. 2) It is easier to evaluate a students' knowledge of expression evaluation, and therefore, the Permission to make digital or hard copies of all or part of this work for personal or classroom use is granted without fee provided that copies are not made or distributed for profit or commercial advantage and that copies bear this notice and the full citation on the first page. To copy otherwise, or republish, to post on servers or to redistribute to lists, requires prior specific permission and/or a fee. effectiveness of a tutor on expression evaluation. In Section 2, we will present our tutor on expression evaluation and its features. In Section 3, we will discuss the evaluation of the tutor, including the protocol and the results.
A TUTOR ON EXPRESSION EVALUATION
We developed an online tutor on expression evaluation to help students learn by solving problems. The tutor generates and presents problems to the student, obtains the student's answer, grades it, and provides detailed feedback about the correct answer. The tutor can be used in one of two modes: in tutoring mode, it generates a problem and demonstrates the step-by-step solution to the problem. In testing mode, it generates a problem, lets the user solve it and grades the user's solution. First developed in 1996, the tutor is currently in its fourth version. The work reported in this paper was carried out using version 3 (2001-02).
The tutor presents problems compiled by the instructor. It can also generate problem expressions randomly. So, it is capable of generating an infinite number of problems with which to practice -a student will never see the same problem twice. Therefore, the same tutor can be used for both tutoring and testing in a course. When used for assignments and tests, random generation of problems helps prevent plagiarism and cheating.
The student is expected to solve each expression one operator at a time. For each sub-expression, the student draws an underbrace across the sub-expression by clicking and dragging the mouse. In response, the tutor pops up a dialog box to enter the intermediate result. The student has the option to undo one or all the previous steps. Please see the left panel in Figure 1 for the problem and the incorrect answer entered by the student.
After the student enters the answer and submits it, the tutor grades the student's answer and provides detailed feedback about the correct answer. It provides two types of feedback: • Graphic visualization, in which the answer is displayed using underbraces. Underbraces illustrate the order in which the operators in an expression are evaluated. This is intuitive and natural -similar to how a student might evaluate an expression on paper.
•
Text explanation, in which each step in the evaluation of the expression is described in prose. The explanation of each step includes a description of the precedence and associativity of the operator, errors, if any in the evaluation of the operator, and finer points in the evaluation of the operator, such as integer division or the inadvisability of comparing real numbers. Please see the right panel in Figure 1 for the graphic and text feedback provided by the tutor. The tutor provides animation controls for the student to step through the feedback. After reading the feedback, the student clicks on the 'Next Problem' button to go to the next problem and start all over again.
The tutor can be configured to provide feedback at several levels:
• No feedback -the user is just instructed to go to the next problem; • Minimal feedback -the user is told whether his/her answer is correct.
• Detailed feedback -the user is not only told whether his/her answer is correct, but also shown graphic visualization and/or text explanation for the correct answer.
EVALUATION OF THE TUTOR
We evaluated the tutor (arithmetic and relational operators only) in multiple sections of our Computer Science I course from spring 2001 through fall 2002. We tested a different hypothesis each semester. We will describe the evaluation protocol in Section 3.1 and discuss the results in Section 3.2.
The Protocol
We used controlled tests to evaluate our tutors. We used a between-subjects design, randomly but evenly dividing each class into control and test groups. Further, we used the traditional pretest, practice, post-test protocol. Both the control and test groups first answered the same pretest, then were exposed to differing treatments for practice learning, and finally came back together to answer the same post-test:
• During the pre-test, students answered a set of questions on the topic. Their score on the test reflected their level of preparation in the topic. The students were neither told whether their answers were correct/wrong, nor were they given any feedback during the test. Typically, the test lasted 6-10 minutes.
• During the practice, the test and control groups practiced with different treatments. Typically, the practice session lasted 10-12 minutes. Students did not have access to any other resource (such as text books, notes, consultation with the instructor or classmates) during the practice session.
•
During the post-test, the students answered a new set of questions that were carefully matched with those on the pretest for the concepts they tested and the order in which they appeared. The change in the score from pretest to posttest reflected the effect of the tutor on the student's learning. The whole procedure took 30-40 minutes. When analyzing the results, we calculated the average points per question rather than the total points in order to eliminate practice effect.
The Results
In spring 2001, we compared the tutor against textbooks -we tested the hypothesis that practicing with the tutor would be at least as effective as practicing with a printed workbook that included answers to problems as an appendix. The improvement in the score per attempted problem from pretest to post-test was 20.1% for workbook users (N=31) and 29.6% for tutor users (N=33), both the improvements being statistically significant (ttest 2-tailed p < 0.05). The effect size, calculated as (post-test average -pretest average) / standard deviation on the pretest was 1.27 for the tutor users versus 0.71 for the workbook users. In fall 2001, we compared two versions of the tutor -one that provided both graphic visualization and text explanation against one that provided only graphic visualization and no text explanation. Both the control and test groups used the tutor for practice, and both the groups viewed the visualization of the evaluation of the expression. But, only the test group received additional text explanation of the evaluation of the expression. We tested the hypothesis that students who received the text explanation would learn better than those who did not. The improvement in the score per attempted problem from pretest to post-test was 51.2% for the test group (N=33) and 39.8% for the control group (N=33), both improvements being statistically significant (p < 0.05). The effect size was 1.30 for those who received both graphic visualization and text explanation versus 1.00 for those who received only graphic visualization. Table 2 lists these figures.
In fall 2002, we compared two different versions of the tutorone that provided graphic visualization (but no text explanation), versus one that did not provide any explanation except for the correct final answer. Our hypothesis was that those who received graphic visualization only would still learn better than those who received no explanation. The improvement in the score per attempted problem from pretest to post-test was 53.1% for the test group that received graphic visualization (N=24) and 33.4% for the control group that received no explanation (N=24), both improvements being statistically significant (p < 0.05). The effect size was 1.35 for those who received graphic visualization versus 0.84 for those who received no explanation. Table 3 lists these figures. 
Discussion
Students who used the tutor for practice learned better than those who used a printed workbook. We have replicated this result in several other studies [9, 13, 14] . Clearly, online tutors are at least as effective as textbooks, the traditional source of exercise problems. Online tutors have several advantages over textbooks:
1. Unlike textbooks, online tutors can generate an unlimited supply of problems, thereby providing for as much practice as desired by the learner.
2. Unlike textbooks, online tutors can instantaneously grade the learner's answer.
3. Unlike textbooks, online tutors can provide detailed feedback.
Therefore, online tutors such as ours may be used for learning, reinforcement, assessment, and self-assessment, both in and after class.
Students who received graphic visualization and text explanation learned better than those who received only graphic visualization. This confirms the earlier result in literature that in order to be effective, visualization must be extended with explanation [8, 19] .
Students who received only graphic visualization still learned better than those who received no explanation. This highlights the importance of providing explanation in online tutors. Other studies that we have conducted also support this conclusion [11, 14, 16] .
The improvement in learning that we observed with our online tutor was in the range of 30-60% after accounting for practice effect. The effect size was over 1.25. This compares favorably with the result that one-on-one human tutoring can improve student learning by two effect sizes over normal classroom instruction [5] .
ONGOING AND FUTURE WORK
Since testing our tutor, we have made several changes in keeping with the feedback we received from students and teachers who used the earlier versions of the tutor:
• Problem generation in the tutor is now adaptive -the tutor keeps track of the topics that the student has not yet mastered, and generates problems on only those topics.
• The tutor does not generate expressions randomly any more, since it is harder to control the learning outcomes of such expressions. Instead, the tutor now generates problems based on parameterized templates. Since a large number of problem instances can be generated from each template, the tutor is still capable of generating an endless supply of problems. Since the templates are indexed by learning outcomes, the generated problems are better matched to the needs of the learner.
We are currently extending the tutor to cover logical, assignment and bitwise operators. We plan to continue to evaluate the tutor. The tutor is available for general use. Access to the tutor can be obtained by contacting the author.
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